The dynamics of the title reaction was studied using mainly the quasiclassical trajectory (QCT) method on the ground 1 2 A 00 (OH + channel) and first excited 1 2 A 0 (OH channel) potential energy surfaces (PESs)
Some extra calculations (cross sections) were also performed with the time dependent quantum real wave packet method at the centrifugal sudden level (RWP-CS method). A broad set of properties as a function of collision energy (E col r 0.5 eV) was considered using the QCT method: cross sections, average fractions of energy, product rovibrational distributions, two-and three-vector properties, and the microscopic mechanisms analyzing their influence on the dynamics. The proton transfer channel dominates the reactivity of the system and significant differences between the two reaction channels are found for the vibrational distributions and microscopic mechanisms. The results were interpreted according to the properties of the ground and excited PESs. Moreover, the QCT and RWP-CS cross sections are in rather good agreement for both reaction channels. We hope that this study will encourage the experimentalists to investigate the dynamics of this interesting but scarcely studied system, whose two lowest PESs include the ground and first excited electronic states of the H 2 O + cation.
I. Introduction
The O( 3 P) + H 2 + atom-molecular ion gas phase chemical reaction system has been studied very little, in spite of its interest from a fundamental point of view as, e.g., it leads to two different and important reaction products (OH + + H, OH + H + ). Moreover, the ground potential energy surface of this system (1 2 7, 8 To the best of our knowledge the dynamics and kinetics of the O + H 2 + reaction has been investigated only in two previous contributions 1, 2 and the most related studies probably correspond to an ab initio analysis of the H 2 O + PESs in the C 2v region, 9 an ab initio analytical ground PES developed recently, 10 (Table S1 ). Average energy fractions (Table S2) . Average properties of the J, l 0 and j 0 vectors for H 2 + (v = 0) ( 
This can be seen in the electronic correlation diagram presented in Fig. 1 dynamics (cross sections, rovibrational distributions, two-and three-vector angular distributions, and microscopic mechanisms and their influence on the dynamics), taking into account the two possible reaction channels. The cross sections were also calculated using the time dependent real wave packet quantum method and the centrifugal sudden approximation (RWP-CS method). Both methods were applied on the ab initio ground and first excited PESs 1 indicated above. The paper is organized as follows: Section II provides the computational details, Section III presents the results and discussion and Section IV gives the summary and conclusions. Moreover, some useful additional information is provided in the ESI. †
II. Computational methods
The analytical representations (many-body expansions) 14 Here, we investigated the dynamics of reactions (1) and (2) using the QCT method in the standard way (see, e.g., ref. [17] [18] [19] . Thus, the dynamic properties (cross sections, product state distributions, vector correlations and microscopic mechanisms) were studied as a function of collision energy within the interval 0.05 eV r E col r 0.50 eV and considering a selection of rovibrational levels of H 2 + . Though the QCT method has approximate character it is a valuable theoretical approach for studying reaction dynamics if quantum effects are not significant; as it is expected to occur for the 'ordinary' reaction conditions examined, since both PESs are barrierless (in fact, a rather good comparison between the QCT and RWP-CS cross sections was obtained; cf. Section III).
As usual, the accuracy of the numerical integration of Hamilton's equations was checked by analyzing the conservation of total energy and total angular momentum for each calculated trajectory (an integration step size of 5.0 Â 10 À17 s was enough to fulfill these requirements). The trajectories were started at an initial separation of 15 Å between the O atom and the H 2 + center of mass, thus ensuring that the interaction energy was negligible with respect to the available energy. For each initial condition (E col = 0.05-0.50 eV, v = 0, j = 0) batches of 1.0 Â 10 5 trajectories were calculated on both PESs
The statistical error (one standard deviation) of the cross sections was less than 0.15% for all conditions studied, whereas in the case of the product state distributions the standard deviation was maintained below 2%. Additional QCT calculations were also Some calculations were also carried out (E col r 0.50 eV, v = 0, j = 0) by means of the time dependent real wave packet quantum method, 20 using the centrifugal sudden approximation, 21 which has been applied to a wide range of reactions 22 and is quite satisfactory for this 2 and related systems, 3, 6 in order to compare the quantum and quasiclassical cross section results. Basically, the RWP-CS method propagates the real part of a wave packet under the action of an inverse cosine mapping of a shifted and scaled Hamiltonian operator, using the Chebyshev's iterations. We employ the usual, spinless, triatomic Hamiltonian operator, using atomic units, reactant Jacobi coordinates (R, r and g), and a body-fixed reference frame whose z axis is along the quantization axis R.
23
The state selected (v, j) reaction probabilities at fixed total angular momentum, P J v,j (E col ), are calculated for a range of E col values from a single wave packet propagation by means of a flux method. 24 The initial wave packet (eqn (3)) is of Gaussian type and contains a range of momenta or collision energies,
Thus, the initial wave packet is defined by the half width at half maximum (a), the center of the Gaussian (R 0 ), the reduced mass associated with R (m R ), and the relative translational energy distribution center (E 0 ). The state selected reaction probabilities can be determined from a time-energy Fourier transform of a time dependent flux quantity inferred from the wave packet, and normalizing the result to the asymptotic distribution of the initial collision energies. 24 More technical details are given, e.g., in ref. 25 .
The features of the initial wave packet, the grid and other parameters employed in the RWP-CS calculations, were derived from a large number of test calculations, and they are given in Table 1 . The reaction cross sections, s v, j (E col ), are calculated as shown in eqn (4) using the reaction probabilities obtained for all J values in the range 0 r J r J max , where the J max values are equal to 90 and 70 for the 1 2 A 00 and 1 2 A 0 PESs, respectively,
where k v,j is the module of the wave vector associated to E col .
III. Results and discussion
Since the results obtained for the ground rovibrational state (v = 0, j = 0) of H 2 + are quite similar to those obtained for the other selected states, here we will mainly refer to the former ones in order to present the results in a more compact form. The results (tables and figures) achieved for the other rovibrational states can be found in the ESI † and the most relevant aspects will be considered at the end of this section.
A. Cross sections
The QCT and RWP-CS cross sections for both reactions with that must be applied to them in order to compare with the experimental results, when they become available.
Comparison of the QCT and RWP-CS cross sections shows a rather good agreement and suggests that quantum effects are not important under the reaction conditions explored, as expected due to the properties of the PESs. 
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Both the QCT and RWP-CS cross sections for reaction (1) strongly decrease with E col in the 0. (1) is around three times the cross section of reaction (2) (3.1 and 2.9 for QCT and RWP-CS, respectively), and the s(1 2 A 00 )/s(1 2 A 0 ) ratio decreases with E col up to reaching values of 1.9 and 1.7 at 0.20 eV, and 1.5 and 1.0 at 0.50 eV, for the QCT and RWP-CS methods, respectively. Hence the proton transfer process occurs more easily than the hydrogen atom transfer. This probably arises from the more attractive character of the ground PES, which is also evident in the long range region. The decrease observed for the cross sections as collision energy increases is expected for reactions with PESs without threshold energy (exoergic and barrierless PESs), 26 some more vibrational energy than translational + rotational energy in the products of the ground PES, while the opposite is true for the excited PES. Besides, about 74-77% and 64-68% of the available energy is released as internal energy of the product molecules in the ground and excited PESs, respectively. Although there is no a general rule, it often happens that for exoergic and barrier-less (or with a small barrier) triatomic reactions there is an important fraction of the energy appearing as internal excitation of products (mostly as vibrational energy), at least for ''soft'' reaction conditions; and this can be found for different reaction kinematics and PESs shapes. )], 1 although it is far from trivial to determine the weight of these factors in the resulting distributions. These aspects also help to understand that some more vibrational excitation is found for the ground PES. The rotational distributions were also examined for both reactions (Fig. 5) . The ground PES rotational distributions are hotter than the excited PES ones. Thus, e.g., for OH and at j 0 = 24 and 13 (E col = 0.50 eV), respectively. The shape of the distributions is similar for all E col , there is a bit more rotational excitation as E col increases and, for a given vibrational level v 0 , the maximum j 0 value reached in the distribution decreases as v 0 increases, as expected.
Additional insight into the product state distributions is given below in the analysis of the influence of the microscopic reaction mechanism on the dynamics (Section III.D).
C. Two-and three-vector correlations
After completing the study of the scalar properties of the O + H 2 + reactive system, the stereodynamics (vector properties) was also investigated taking into account the main vectors of the system. Thus, we have examined the two-vector angular distributions kk 0 , kj 0 , and k 0 j 0 , where k and k 0 correspond to the initial and final relative velocity vectors, respectively, and j 0 refers to the rotational angular momentum vector of OH + or OH (reactions (1) and (2) The kk 0 angular distributions for the ground (top panels) and excited (bottom panels) PESs are given in Fig. 6 , where it can be seen that they are similar and rather symmetric around kk 0 = 901. Reaction (1) shows a symmetric kk 0 distribution at 0.05 eV, a slight tendency toward backward scattering at 0.15 and 0.30 eV, and a slight tendency toward forward scattering at the higher E col (0.50 eV). For reaction (2) the evolution of the kk 0 distribution with E col displays a simpler behavior, as it is (1) and (2) are symmetric around kj 0 = 901 (as they must be), 18, 30 exhibit a maximum at 901 and show a weak dependence with collision energy (especially for 0.15-0.50 eV; cf. Fig. 6 ). This trend towards a perpendicular arrangement of the k and j 0 vectors (which is more evident for the ground PES at 0.15-0.50 eV) is stronger for those reactive processes following a direct reaction mode (cf. Section III.D), and results from the angular momentum vectors transformation from reactants to products (see below). The k 0 j 0 angular distributions for both reactions are also symmetric around 901 (as they should be), 18, 30 and are quite similar to the kj 0 angular distributions, especially for the excited PES (Fig. 6) . These results correlate with the dependence exhibited by the l 0 j 0 angular distribution, where l 0 is the orbital angular momentum vector of products. Although the l 0 j 0 distribution cannot be determined experimentally, it is helpful in interpreting the k 0 j 0 distribution results. In fact, the tendency of the system to show a parallel or anti-parallel l 0 j 0 orientation in products leads to the tendency toward a perpendicular k 0 j 0 orientation, which is stronger for the reactions evolving through a direct reaction mode, as in the case of kj 0 (cf. Section III.D).
The kk 0 j 0 angular distributions for both reactions show the existence of two maxima (at 90 and 2701) and are almost symmetric around 1801 at E col = 0.05 eV (Fig. 7) . This symmetry disappears at higher E col values, where the maximum at 901 is more intense than that at 2701. Hence, the rotational angular momentum vector of the diatomics (OH + or OH) tends to rotate perpendicularly to the kk 0 plane (scattering plane), which corresponds to the dihedral angles of 901 and 2701, with some preference for the former. Stronger peaks are found for those reactive processes occurring through a direct reaction mode (cf. Section III.D).
To interpret the vector properties it is often useful to examine how the total angular momentum of the system (J) is distributed between the rotational (j 0 ) and orbital (l 0 ) angular momenta of products (Table S3, View Article Online of the ESI † it comes out that rather uniform distributions are observed, which are more uniform as collision energy decreases. Besides, more uniform distributions are observed for the excited PES. These results suggest that both direct and complex microscopic reaction mechanisms are involved in the O + H 2 + reaction.
This will be examined in detail in the following section where, in addition of identifying the different reaction modes involved, the effect of them on the scalar and vector dynamic properties is also analyzed.
D. Microscopic reaction mechanisms
The microscopic mechanism and its influence on the dynamics properties was investigated for reactions (1) and (2) at E col = 0.05, 0.15, and 0.50 eV, employing representative samples of reactive trajectories and analyzing the time evolution of the internuclear distances. The most important types of reactive trajectories observed are shown in Fig. 8 .
Reaction (1), which takes place on the 1 2 A 00 ground PES, occurs according to three reaction modes ( The direct reaction mode accounts for 5.2-21.1% of the total reactivity, i.e., the non-direct and complex reaction modes are clearly the most favored ones (33.9 and 17.7% non-direct at 0.05 and 0.50 eV, respectively, and 60.9 and 60.6% complex at 0.05 and 0.50 eV, respectively, cf. Table 2 ). The formation of long-lived collision complexes occurs with a higher probability in the case of reaction (1), probably due to the presence of the deepest minimum on the 1 2 A 00 PES. For the long-lived collision complexes the average lifetimes are 0.25, 0.19 and 0.15 ps for E col = 0.05, 0.15, and 0.50 eV, respectively. Analogous results as those for reaction (1) are obtained for reaction (2) , which occurs on the 1 2 A 0 excited PES. It also takes place following a direct, non-direct and complex reaction modes, and the contributions of the second and third ones represent 29.4-51.5% and 31.8-41.1% of the total, respectively (Table 2) . Thus, the direct mechanism has in general a lower contribution to reaction (2) (16.7-35.0%) than the other mechanisms, as it happens for reaction (1), even though its contribution to reactivity is larger than for reaction (1 P u ) deep minimum in the case of the excited PES, the microscopic reaction mechanisms on both surfaces are also expected to be similar.
Concerning the influence of the microscopic mechanism on the dynamics and in order to make things more evident regarding the influence of the complex mechanism, from now on we have been more restrictive and considered only the complex reactive trajectories with long-lived collision complexes satisfying
Regardless of what happens at the lowest collision energy (0.05 eV), for the ground 1 2 A 00 PES the direct mechanism leads to a degree of vibrational excitation somewhat higher (h f V 0 i E 0.6) than the complex mechanism (h f V 0 i E 0.5), although the results are similar (Fig. 9 ). For the excited 1 When the angular distributions of both PESs are considered, appreciable and expected differences in these properties are a ht rot i is the average rotational period of the collision complex; ht cc i is the average lifetime of the collision complex; ht llcc i is the average lifetime of the long-lived collision complex; ht slcc i is the average lifetime of the short-lived collision complex; llcc and slcc refer to the long-and short-lived collision complexes, respectively. (v = 0, j = 0) (panels (a) and (c) and panels (b) and (d), respectively), as a function of the microscopic mechanism. Translation (black; T), vibration (red; V), and rotation (blue; R). Please, note that to make more evident the influence of the microscopic mechanism, in the complex case we have only considered the reactive trajectories with long-lived collision complexes satisfying t cc Z 5ht rot i. observed, depending on whether the results are for the direct mechanism or for the complex one, e.g., tendency towards ''forward''/''backward'' symmetry in the kk 0 distribution for the complex mechanism ( Fig. 11 and 12 ). For the direct mechanism the DCSs show preference for kk 0 ''forward'' dispersion, while for the complex mechanism the DCSs are essentially symmetrical about 901. Moreover, there is a decrease in the intensity of the maximum observed at 901 in the kj 0 and k 0 j 0 distributions when evolving from the direct to the complex mechanism. For the angular distribution of the kk 0 j 0 dihedral angle there is a clear trend to evolve from distributions with maxima at 901 and 2701 of remarkable intensity (direct mechanism) to significantly attenuated maxima (complex mechanism); Fig. 13 and 14 . In particular this distribution is substantially isotropic for the complex mechanism at the lowest collision energy analyzed (0.05 eV). This isotropy is progressively lost as collision energy increases, and the intensities of the maxima are rather attenuated with respect to the direct case.
In summary, both reactions involve a rich dynamics (with the stronger differences occurring for the product vibrational distributions) resulting from the contributions of three microscopic reaction mechanisms, with the direct mechanism being at most responsible of 21 and 35% of the reactivity for the ground and excited PESs, respectively. (Table S1 ), average energy fractions (Table S2) , product vibrational and rotational distributions ( Fig. S1 and S2, respectively) and angular distributions (Fig. S3-S6 
IV. Summary and conclusions
We investigated the dynamics of the O + H 2 + reaction, using mainly the QCT method and two ab initio analytical surfaces developed by our group for the ground (1 2 A 00 ) and first excited , and the microscopic reaction mechanism were determined as a function of E col (0.05-0.50 eV) using the QCT method. Moreover, some additional calculations (cross sections) were also carried out by means of the time dependent RWP-CS quantum method. The QCT and quantum cross sections are on the overall similar, the proton transfer reaction channel dominates the reactivity of the system, and the energy is mainly released as vibrational energy of the diatomic product molecule (OH + and OH for reactions (1) and (2), respectively). Besides, significant differences are found between the two reaction channels for the vibrational distribution (vibrational inversion for the 1 2 A 00 PES; reaction (1)) and it should also be noticed that a larger contribution of the direct reaction mode is observed for the We expect that this study will encourage the experimentalists to carry out investigations on this interesting but rather surprisingly little studied system, whose two lowest PESs adiabatically correlate with the two lowest electronic states of H 2 O + .
